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Two kinds of water-insoluble enzymatic biodegradable polymers, (1) poly(s-
caprolactone) (PCL); (2) poly(ethylene oxide-Z>-s-caprolactone) (PEO-Z?-PCL) 
diblock copolymer, were micronized into narrowly distributed nanoparticles stable in 
water to be investigated by laser light scattering (LLS). 
Micronization of water-insoluble poly(8-caprolactone) (PCL) into narrowly 
distributed nanoparticles stable in water has not only enabled us to study the 
enzymatic biodegradation of PCL in water at different temperature by a combination 
of static and dynamic laser light scattering (LLS), but also shorten the biodegradation 
time by a factor of more than 10^  times in comparison with using a thin PCL film. The 
time-average scattering intensity decreased linearly. It was interesting to find that the 
decrease of the scattering intensity was not accompanied by a decrease of the average 
size of the PCL nanoparticles, indicating that the enzyme, Lipase PseudomonasOPS), -
degrades the PCL nanoparticles one by one, so that the biodegradation rate is mainly 
determined by the enzyme concentration. Moreover, we found that using anionic 
sodium lauryl sulphate instead of cationic hexadecyltrimethylammonium bromide as 
surfactant in the micronization can prevent the biodegradation, suggesting that the 
biodegradation involves two essential steps: the adsorption of slightly negatively 
charged Lipase PS onto the PCL nanoparticles and the catalytic hydrolysis of PCL. 
PCL and enzyme concentration dependence of the biodegradation rate supports a 
heterogeneous catalytic kinetics in which we have introduced an equilibrium between 
the enzyme/substrate inactive complex E...S, only attached by the adsorbing site and 
the enzyme/substrate active complex E:::S, attached both the adsorbing and catalytic 
i 
sites. W e also studied the influence of surfactant, pH and temperature on the 
enzymatic biodegradation kinetics and found that the enzyme was inactive at pH < 〜5. 
Our results indicate that both the adsorption and the enzymatic catalysis are important 
for the biodegradation. 
Water-insoluble poly(ethylene oxide-Z>-s-caprolactone) (PEO-Z>-PCL) diblock 
copolymer QVlw = 1.71xl0^ g/mL and WpEo = 20%) was successfully micronized into 
small polymeric core-shell nanoparticles (micelles) stable in water via a microphase 
inversion method. The biodegradation of the PEO-Z?-PCL nanoparticles, actually, only 
the hydrophobic PCL core, was monitored by laser light scattering. Using pyrene as 
an imitative drug and fluorescence spectroscopy, we have shown that hydrophobic 
drugs can be easily loaded into the PCL core in the micronization process and the 
biodegradation of the PCL block results in the dissolution of the nanoparticles and the 
releasing of pyrene molecules because the PEO block is soluble in water. The 
potential biomedical application of the PEO-Z?-PCL nanoparticles as a controlled 
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Various kinds of synthetic polymers have been massly produced and widely used 
over several decades. However, most of synthetic polymers are not biodegradable. 
H o w to dispose these polymers has becoming an globe alarming political and 
environmental problem. Developing polymers that do not pollute the environment has 
become an extremely important objective, because of the rapidly expanding 
production and use of polymer materials. Thus, biodegradable polymers might be a 
key to solving the waste disposal problem/ 
The general definition of biodegradable polymers is used to refer to polymers 
which will be degraded in a biological environment, including any environment where 
biological or biochemical process are occurring. The biodegradable polymers include 
2 
natural and synthetic polymers. 
Normally, the biodegradable polymers are cleaved into a fragment, oligomer and 
monomer after degradation process.^  Although, some researcher to claim the 
degraded products should be carbon dioxide and water. In many studies show that the 
disintegration of the sample into very small fragments has been taken as a sufficient 
support to evidence the polymer to be a biodegradable substance.^ '^ '^  
The most widely used and studied class of biodegradable synthetic polymers is the 
aliphatic polyester, such as poly(8-caprolactone), poly(glycolic acid) and poly(lactic 
acid). The aliphatic polyesters have been used in different fields, such as medical, 
agricultural and environmental applications.^  However, the biodegradability and 
1 
stability of these polyesters have been widely investigated, most of the methods 
including the total weight loss, surface morphology and oxygen consumption are 
conventional method but time consuming. Besides, they have just provided the rough 
and macroscopic information7'^  
Both in vivo and in vitro studies of the biodegradation of a polymer are important 
for biomaterial applications. Enzymatic degradation of some polyesters have been 
noticed in polymer biodegradation research recently. Because enzyme can speed up 
biodegradation rate without creating undesirable reaction product, and then shorten 
the measurement time. In general, the rate of enzymatic biodegradation depends on 
many factors, such as polymer structure, physical and morphological state of the 
polymer, surface-to-volume ratio, environmental conditions and molar mass etc.^  On 
the other hand, micronization of polymer can effectively increase the surface area of 
polymer since it also speed up the biodegradation rate. Therefore, a combination of 
the micronization with enzymatic biodegradation can provide a simple and quick 
method to evaluate whether a given polymer is biodegradable or not.^  
Poly(e-caprolactone) (PCL) (Figure 1.1) is an aliphatic polyester which 
biodegradation has been demonstrated to occur in a series of microbial test.^ '^  PCL 
is a semicrystalIine polymer with a low Tg, which contributes to the very good 
permeability of PCL for many therapeutic drugs and is regarded as a non-toxic and 
tissue-compatible materials. Moreover, PCL has also a good compatibility with 
various polymers which can easily form polymer blend. Due to its special characters, 
PCL has been used in the biomedical field and environmental aspect.^ "^^ ^ For eg. 
implantable drug-delivery system and biodegradable packing material. In addition, 
2 
PCL has potential to play a role of controlled-release drug-delivery carrier and repair 
material in medical surgery/^ "^ ^ However, the rate of PCL biodegradation is so slow, 
it will normally take more than 1 year to degrade completely. It should be taken too 
long for us to monitor the polymer biodegradability before practical application. 
Recently, the enzyme is found out to speed up the biodegradation rate. ^^ On the 
other hand, the micronization of PCL which also increases the rate of biodegradation. 
To investigate the characterization and the enzymatic degradation of PCL 
nanoparticles stable with surfactant into aqueous solution by dynamic and static laser 
light scattering (LLS) has been established in our laboratory. 
0 
i ^ c H 2 ) 5 ^ -
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Figure 1.1 Poly(e-caprolactone) 
Diblock copolymer is similar to the low molar mass surfactant when in a selective 
solvent, it can form polymeric micelles in critical micelle concentration (CMC), below 
that the copolymers exist as individual chains (unimer).^ '^^ ^ Poly(ethylene oxide-Z?-8-
caprolactone) (PEO-Z>-PCL) (Figure 1.2) diblock copolymer which could form 
polymeric micelles in aqueous solution due to a part of the copolymer consist of 
water-soluble poly(ethylene oxide). Therefore it has potential using in controlled-
release drug application, it can form stable micelle in water without low molar mass 
smfactants.25，26 Moreover, PEO segments exist onto copolymer to provide protection 
against human macrophase phagocytosis and to confer on the particles a prolonged 
blood circulation time and reduced liver and spleen accumulation.^ "^^ ^ (PEO-^-PCL) is 
3 
i 
prepared polymeric nanoparticles into aqueous solution by microphase inversion 
method. The characterization and biodegradation process of diblock copolymer is 
measured by dynamic and static laser light scattering(LLS). To demonstrate (PEO-Z>-
PCL) diblock copolymer has potential to perform a controlled-release drug carrier by 
using pyrene as a drug model is encapsulated in coploymer. The whole process is 
measured by fluorescence spectroscopy method.^^ 
0 
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Recently, the turbidimetric method has been used to study the enzymatic |l 
degradation of polymer powders or latex suspension. The result of light scattering | 
intensity decrease is caused by the change of latex suspension or powders 
concentration by enzymes.^ '^^ ^ But, comparison of laser light scattering(LLS) with 
the conventional turbidimetric method, LLS is a nonintrusive, sensitive and powerful 
analytical tool and has been extensively used to characterize polymer and colloids in 
solution.33 Because this method monitors the changes of the scattering intensity and 
the hydrodynamic size distribution of polymer powders during enzymatic degradation 
process. 
The content of thesis includes as follows: 
Chapter 2 describes basic theories and instrumentation of laser light scattering, 
4 
i 
differential refractometer and fluorescence spectroscopy; and other experimental 
details, such as the micronization of water-insoluble polymers into nanoparticle 
dispersion and the purification of enzyme. 
Chapter 3 describes the LLS studies of enzymatic biodegradation of poly(e-
caprolactone) (PCL) homopolymer nanoparticles stable by either cationic surfactant 
hexadecyltrimethylammonium bromide (HTAB) or anionic surfactant sodium lauryl 
. I 
sulphate (SDS) iri the presence of pseudomonas Lipase (PS). | 
Chapter 4 summarises the LLS studies of enzymatic degradation of diblock 
copolymer poly(ethylene oxide-Z?-s-caprolactone) (PEO-Z>-PC) which can be 
micronized into small polymeric core-shell nanoparticles (micelles) in water without 
. :i 
i 
the addition of any surfactant. Moreover, potential biomedical applications of using 1 
• 'I 
the (PEO-Z>-PCL) coploymer as a drug delivery device has been evaluated. ！ 
For reference, a detailed theory of static and dynamic laser light scattering is given i 
in appendix. 
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Theoretical Background and Instrumentation 
Light scattering phenomena always occur in our daily life. For instant, the ray of 
sunlight is scattered by virtue of dust particles in the air when passing through a 
window and it is' observed. Also, we can see the blue color of the sky on sunny day 
because of the blue component of white sunlight is predominantly scattered by the 
atoms and molecules of the atmosphere. Generally, what do we see or record on 
、 Hght scattering phenomena are static light scattering since the time-averaged intensity 
of scattered light is observed or measured, which be discussed in section 2.1. Static 
light scattering has been commonly used to investigate the static properties of 
polymers in the solution, such as molar mass, size and conformation. ‘ 
In our reality world the scattered light has a very small change of frequency when | 
/ 
compared with the incident light frequency due to the thermal motion of particle in 
gas or solution (Doppler effect). According to the study of measuring the frequency 
shift that occurs when light is scattered by a moving macromolecule, the general 
technique being called dynamic light scattering. In particular, dynamic light scattering 
can be used for the direct determination of diSusional characteristics of 
macromolecules, and provides a quick, direct, and reliable method for the 
measurement of diffusion coefficients, even of macromolecules of low stability. It will 
be discussed in section 2.2. The detailed theories ofboth static and dynamic laser light 
scattering will be discussed in appendix. The instrumentation of laser light scattering 
8 
A 
will be described in section 2.3. The basic theory and instrumentation of differential 
refractometer will be described in section 2.4. 
Fluorescence techniques have been used with great success in the study of low 
molar mass surfactant micelles. Naturally, it has also been applied to probe of 
formation of polymeric nanoparticles (micelles) on or upper than critical micelle 
concentration (CMC) in a selective solvent. Aromatic hydrocarbons are used as a 
fluorescent probe to monitor the environmental effect on their vibronic band 
intensities and their application in the study of polymeric micelle change in enzymatic 
biodegradation, which will be showed in section 2.5. On the other hand, the theory of 
polymer micronization and potential biomedical application of polymeric nanoparticles 
will be presented in section 2.6 Finally, the purification of pseudomonas Lipase 
enzyme by freeze drying method will be described in section 2.7 
2.1 Static laser light scattering (Static LLS) 
In static LLS, the angular dependence of the excess absolute time-averaged 
scattered intensity, known as the excess Rayleigh ratio, Rw(6), was measured. For a 
dilute polymer solution measured at a low scattering angle, Rw(9) can be related to 
the weight-average molecular weight, Mw, the second virial coefficient, A2, and root 
mean square z-average radius of gyration, <Rg^ >z^ ^^  (or simply written as <Rg>),as ^  
K C 1 , 1 , , 
^ = ^ ( l + i < R : > z q 2 ) + 2A2C (2.1.1) 
where K = 47iV(dnAiC)2/(NAV^) and q 二（47inyao)sin(e/2) with NA, dnJdC, n and 入。 
being Avogadro number, the specific refractive index increment, the solvent refractive 
9 
index and the wavelength of light in vacuum，respectively. Measuring Rw(6) at a set 
of C and q，we are able to determine Mw, <Rg>, and A2 from Zimm plot which 
incorporates the extrapolation of 0 ~> 0 and C — 0 on a single grid. 
2.2 Dynamic laser light scattering(Dynamic LLS) 
In dynamic LLS, a precise intensity-intensity time correlation function G(2)(t，q) in 
the self-beating mode was measured and G(^ ) (t,q) is related to the normalized first-
order electric field time correlation function, g(i)(t，q) as ^  
G(2) (t，q)= <I(t, q)I(0, q)> = A[1 + p|g(”(t，q)|2] (2.2.1) 
where A is a measured base line, P is a parameter depending on the coherence of the 
detection, and t is the delay time. It is known that for a polydisperse sample g。(t，q) is 
related to the line-width distribution G(F). by^ 
|g^ '^ (t,q)| = <E(t, q)E*(0, q)> 二 ["6(1>。(^ (2.2.2) 
JO 
i 
The Laplace inversion program CONTIN was used normally to convert G(2)(t,q) to ‘ 
G(r). For a pure diffusive relaxation, the line width T leads to the z-average 
translational diffusion coefficient D at C ~> 0 and q ~> 0 by the Eq.(2.2.4),^ '^  where 
kd and/are constant. 
r/q2 = D(l + k d C ) ( l + / < R g 2〉 z q2) (2.2.3) 
In this case, G(F) can be directly converted to a translational diffusion coefficient 
distribution G(D) or a hydrodynamic radius distribution f(Rh) by using the Stocks-
Einstein equation: 
Rh = kBl/(6TCTiD) (2.2.4) 
10 
where ke, T and r| being the Boltzman constant, the absolute temperature and the 
solvent viscosity, respectively. 
2.3. Laser light scattering instrumentation 
A modified commercial light scattering spectrometer(ALV/SP-125) equipped with an 
ALV-5000 multi-T digital time correlator and an solid state laser(ADLS D R Y 425E, 
output power « 400 m W at X。= 532.8nm) or with an Helium neon laser(Spectra-
Physics 127, operated at a wavelength of 632.8nm and output power « 25mW) as the 
light source(Figure 2.3.1) was used. By this spectrometer, both static dynamic light 
scattering measurement can be done. The primary beam is vertically polarized. A 
compensated beam attenuatorfNewport M-925B) was used to regulate the incident 
laser light intensity to avoid possible localized heating in the light-scattering cuvette. 
The cell contained dust-free sample solution was put in the index matching vat, in 
which the temperature is controlled by N E S L A B RTE-210 refrigerated | 
bath/circulator. The intensity of scattered light was detected by T H O R N E M I 
photomultiplier tube for counting the number of photons. In static LLS, in instrument 
was calibrated with toluene to make sure that the scattering intensity from toluene has 
no angular dependence in the range of 15。-150。. The intensity-intensity time 
correlation functions (dynamic LLS) were measured by an ALV-5000 multiple-i 
digital correlator. The correlation functions were accumulated until the net photon 



























































































































































































































































































































































































































































































































































































































































calculated baselines was no more than 0.1%. All LLS measurements were carried out 
from range 25.0 to 53.0 土 0.1°C. 
2.4 Refractive index increment measurement 
All specific refractive index increments(dn>^ dc) were determined by a recently 
developed differential refractometer.^  In this novel refractometer, a small pinhole with 
a diameter of 400 ^im is iUuminated with a laser light ^'igure 2.3.1). The illuminated 
pinhole is imaged to a 6 m m position-sensitive detector (Hamamatsu S3932) by a lens 
located in equal distance between the pinhole and the detector. The distance between 
the detector and the pinhole is four times the focal length(f 二 lOcm) of the lens, i.e., a 
(2f-2f) optical design have been used instead of a conventional(lf) design where a 
parallel incident Ught beam is used, and the distance between the detector and the lens 
is only one focal length. This (2f-2f) design is optically equivalent to placing the 
detector directly behind the pinhole, so that the laser beam drift is eliminated. A 
refractometer cuvette (Hellma 590.049-QS, with 60° partition to two chambers) is 
placed just in front of the lens. The pinhole, the cuvette, the lens, and the detector are 
rigidly mounted on a small optical rail. The refractometer has dimensions of only 
40cm in length, 5cm in width, and 10cm in height. The output voltage of the detector 
is proportional to the displacement of the light spot from the center of the detector 
caused by the refractive index difference between the polymer solution and the 
solvent. The detector resolution is 0.2p.m, which corresponds to resolution of 10'^  in 
the refractive index measurement. This refractometer has been incorporated into the 
laser light-scattering spectrometer, wherein the same laser has been used as the light 
13 
sources in both the laser light-scattering spectrometer and differential refractometer. 
Thus, the problem of- wavelength correction is eliminated. In comparison with a 
conventional differential refractometer where a micrometer is normally used to read 
the beam displacement, the use of the position-sensitive detector together with the 
data acquisition system (a 16-bit analog-to digital data acquisition card 0SFational 
Instrument)) not only increases possible and easier. The temperature of the cuvette 
was precisely controlled by YSI Proportional Temperature Controller (Model 72). 
For each measurement, the reading of the position-sensitive detector was set zero 
by filling both sides of the cuvette chamber with solvent. Afterward, the solution was 
filled into the solution chamber, and then the difference in refractive index(An) 
between the solution and solvent was recorded. After each measurement, both sides 
of the cuvette was filled with solvent to check the zero point. The value of dn/dc was 
obtained from the slope of the graph of An against concentration of the sample. 
2.5 The principle of steady-state fluorescence spectroscopy 
Luminescence spectroscopy is a powerful tool to study of multimolecular 
aggregates such as low molar mass micelles and membranes.^'^ The basic principle of 
luminescence is radiation emitted by photons form electronically excited state, it is 
divided into two types, fluorescence and phosphorescence, respectively.^ '^ ® The initial 
stage of the molecule before excitation is usually the singlet ground electronic state 
So. As a result of the emission from electronic excited states，the molecule retums to 
the ground electronic state (Figure 2.5.1). Any state notation for the molecule is 
obtained by first taking the product of the appropriate quantum numbers over all the 
14 
electrons in the orbitals as in atoms. In a polyatomic molecule the situation is much 
more complicated but,a similar picture is qualitatively adequate in the sense that it 
represents a cross section of the potential diagram. 
State multiplicities are important since the nature of the emission processes 
depends on them. If the states from which the emission originates and terminates have 
the same multiplicity, the emission is called fluorescence. This process most 
frequently occurs between the first excited singlet Si and ground state singlet 
(Figure 2.5.1). The transition Si to Ti represents another pathway of molecular 
relaxation, which is called intersystem crossing. Thus, the emission is known as 
phosphorescence (Figure 2.5.1). The states of principal concern to us relative to 
phosphorescence will be the lowest excited triplet state, Ti and ground state singlet. 
Due to highly probable transitions can only when AS = 0，phosphorescence emissions 
have relatively long lifetimes (10'^  to 10 seconds) while fluorescence emissions have 
^ 
relatively short lifetimes (10'^  to 10'^  seconds). The differentiation between 
>M 
fluorescence and phosphorescence is the nature of the states between which the 
emission occurs. For fluorescence the multiplicities of the states are the same, most 
possibly from the first excited singlet state Si to the ground singlet state, For 
phosphorescence the multiplicities of the states are different, most commonly from the 
lowest triplet state Ti to the singlet ground state (Figure 2.5.1). 
In addition to the radiated processes discussed above there are radiationless 
processes that are possible. In condensed medium, a liquid or a solid, an electron in a 
high excited state or a higher vibrational state rapidly(10"^ ^ second) loses its excess 
energy in form of heat or in collision with neighboring molecules and falls to its 
15 
lowest electronically excited state. The processes are called internal conversion and 
vibrational relaxation, respectively. Internal conversion often occurs between states of 
the same multipHcity for instant, S2 to Si. The transition leading to fluorescence take 
place from the zero vibrational state of the first excited state to one of the vibrational 
states of the ground state. Since fluorescence lifetimes are relatively long, internal 
conversion is generally completed prior to emission. Hence, fluorescence emission 
generally results from the thermally equilibrated excited states. N o w an interesting 
consequence is that absorption spectrum of the molecule reflects the vibrational levels 
of the first excited states, and the emission spectrum displays the vibrational levels of 
the ground state. Li general, electronic excitation does not greatly alter the spacing of 
the vibrational energy level. As a result, the vibrational structures seen in the 
absorption and the emission spectra are similar to the fluorescence emission spectrum 
appears to be a mirror image of the absorption spectrum. 
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Figure 2.5.1 Partial energy diagram for a luminescence system. 
16 
% 
Transition from Ti to So is quantum forbidden, and as a result the rate constant for 
such emission is several orders of magnitude smaller than those of fluorescence. 
Solvent effects, solvent relaxation can affect the emission. 
2.5.1 Solvent effects on fluorescence emission^ 
The fluorescence emission spectra of many luminescence probes are sensitive to 
the polarity of their surrounding environment. It is the sensitivity of probes that 
resulted in different applications of probes to reveal information of their immediate 
environment. Naturally，the emission spectrum shifts to shorter wavelengths (blue 
shifts) as the solvent polarity is decreased. In addition, increasing solvent polarity 
results in shifts of the emission spectrum to longer wavelengths (red shifts). Red shifts 
are often accompanied by decrease in the quantum yield of the fluorescence. 
The sources of these polarity-dependent spectral shifts result from different 
dynamic process, calling Stoke's shift. The processes relate to energy release because 
of rearrangement of electrons in the solvent molecules, dissipation of vibrational ！ 
‘ \ 
\. 
energy induced by the altered dipole moment of excited chromophore, dipole 
moment of solvent molecules reorientation, and specific interactions between the 
chromophore and the solvent or solutes. Normally, the variation of the 
chromophore's environment can be interpreted from related emission spectrum. 
2.5.2 Excimer7 i2 
At high concentration of aromatic hydrocarbons entirely new spectral 
characteristics can appear in the spectrum. The formation of excited dimers or 
excimers, pyrene molecule is typical example, occur between an excited molecule in 
the lowest excited singlet state(P*) and a molecule in the singlet ground state(P): 
17 
P* + P — P2* (excimer formation) 
P2* — P2 + hv . (excimer fluorescence) 
Excimer formation happens in solution, the crystal structures or chain conformations 
that one excited molecule can easily combine other molecule to form excimer. The 
process can be induced by direction light absorption or by energy transfer from other 
excited molecule. Aromatic hydrocarbons preferentially form excimer because of their 
planar structure. ‘ The difference between excimer fluorescence with "general 
fluorescence" is showing a broad spectrum without vibrational structure because the 
state of the excimer is repulsive (unstable). 
2.5.3 Characterization of fluorescence emission spectra of pyrene^^  
Molecules show significant fluorescence to normal involve delocalized electrons of 
conjugated double bonds. Most of the aromatic hydrocarbons are chromopores. 
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Figure 2.5.2 Chemical structures of typical chromopores 
Studies with pyrene as chromophore have received special consideration. Pyrene has 
several interesting photophysical properties which make it suitable for us to use as an 
effective probe, notably the long life-time of pyrene monomers(〜 400ns) and efficient 
formation of excimers. It is strongly hydrophobic and its solubility in water is very 
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low ( 7 X 10'7 M).i4 In the presence of a hydrophobic region or microphase in 
aqueous media, pyrene is easily solubilized into the interior of the hydrophobic 
regions. When pyrene molecules are delivered from the polar environment to 
nonpolar condition. The experience of probe's microenvironment change is 
reflected from variations in its emission spectra. Figure 2.5.3 shows the typical 
emission spectra of pyrene in water with hydrophobic micelles. The properties of 
pyrene emission include (i) the emission spectrum of pyrene has five vibronic 
bands, which are clearly distinguishable to allow quantitative measurements of 
their exact location and intensity variations with solvent. Variation in the nature of 
the solvent leads to large variations in the intensities of the vibronic bands without 
much spectral shift and the phenomenon is known as the H a m EfFect/^ The 
principal vibronic bands observed in the room temperature fluorescence were 
numbered as Ii to I5. On the one hand, the Ii arises from the (0, 0) transition from 
the lowest excited electronic state to the ground state, is a "symmetry-forbidden" 
j 
transition, and can obtain enhanced intensity in polar environment. On the other 
hand, the I3 peak is not forbidden and is thus relatively solvent-insensitive. Thus, 
the ratio ofI1/I3 is widely used as an indicator for the polarity ofthe environment in 
which pyrene is located/^ "^ ^ (ii) when pyrene transfers from a polar solvent to a 
nonpolar one, its fluorescence lifetime becomes longer and then the quantum yield 
is increased. 
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Figure 2.5.3 A typical fluorescence emission spectrum of pyrene solubilized in an 
aqueous solution with polymeric micelles. 
2.6 Polymer micronization 
Biodegradable polymers have long been of interest in biomedical application 
'( 
•t 
because of the ability of these polymers to reabsorbed by the body so that they have ！ 
high potential to apply into controlled release system. But the size of the polymeric 
particle is quite critical role in drug delivery system, such as oral delivery, 
intramuscular injection, subcutaneous injection，and targeted delivery. It has been 
observed that degree of imflammation at the injection site can be affected by the 
particle size/^  Li this thesis, the formation ofPCL nanoparticles is prepared by simple 
interfacial deposition of a performed and the polymer following displacement of a 
semi-polar solvent miscible with water from lipophilic solution?。The mechanism of 
formation may be elucidated in terms of interfacial turbulence between two 
unequlibrated liquid phases involving flow, diffiision and surface tension decrease. 
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Nanoparticles of poly(8-caprolactone) were prepared according to the following 
procedure: First, 125mg ofPCL polymer are dissolved into 50mL acetone solvent by 
increasing temperature to around 35^C for a few minutes. The resulting acetonic 
solution is added dropwise in 100ml of water containing 4 times critical micelle 
concentration (CMC) of surfactant (HTAB or SDS) under moderate magnetic 
stirring. The aqueous phase gradually changes to milky with bluish opalescence as a 
result of the formation of nanoparticles. The acetone, which quickly difiused 
towards the aqueous solution, is then removed under reduced pressure. Finally, the 
nanoparticle suspension is concentrated to the desired final volume by removal of 
water under the same conditions，！ 
The water-insoluble amphiphilic PEO-^-PCL diblock copolymer is micronized into 
small polymeric nanoparticles (micelles) stable in aqueous solution by microphase 
inversion/6'22-25 丁卜^  procedure is as follows: amphiphilic copolymer is dissolved in a 
water miscible organic solvent, such as tetrahydrofuran (THF) by increasing 
temperature to about 35^C. The copolymer concentration in THF is 10"^  g/mL . Then, 
lmL of resulting organic solution is added to the 99mL deionized water dropwise 
under uItrasonication. Due to the solubility difference of two segments(PEO & PCL) 
in copolymer should lead to tendency ofPEO segments migration inside the droplets, 
to locate at the water interface, whereas PCL segments remain and concentrate inside 
the droplets. Therefore, the amphiphilic copolymers aggregate together to form 
polymeric core-shell nanoparticles (micelles). The THF in colloidal suspension is 
removed under reduced pressure. The resulting colloidal suspension is transparent and 
the final concentration is 10"^  g/mL. 
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2.7 Enzyme purification 
Dehydration is an important process for the storage and preservation of food, 
biologicals and pharmaceuticals. Of the different types of dehydration, freeze drying is 
particularly fitted for substances that are heat sensitive. It is has been extensively used 
in the preservation of biologicals (e.g., protein, plasma, microorganisms). The 
nondestructive nature of this process has been demonstrated by the retention of 
viability in freeze dried microorganisms. The principle of freeze drying is a process 
whereby water is removed from frozen materials by converting the frozen water 
directly into its vapor without the intermediate formation of liquid water. The mains 
steps of this sublimation process involves: the absorption of heat by the frozen 
sample in order to vaporize the water; the use of a vacuum pump to enhance the 
removal of water vapor from the surface of the sample; the transfer and deposit of 
water vapor onto a condenser; the removal of heat, due to ice formation, from the 
condenser by means of a refrigeration system. In fact, the freeze dry process is a , 
ti 
balance between the heat absorbed by the sample to vaporize the water and the heat 
removed from the condenser to convert the water vapor into ice.^ '^^ ^ 
The crude Pseudomonas lipase (PS) was dissolved in buffer solution (pH 7.0). 
The mixed solution was centrifugalized at a speed of 5000 rpm for 15 minutes. The 
upper clear solution was extracted and then freeze-dried. The purified PS lipase was 
light yellowish powder. 
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Chapter 3 
Laser Light-scattering Study of Enzymatic Biodegradation of Poly(s-
caprolactone) 
Introduction 
Biocompatible, biodegradable and non-toxic synthetic aliphatic polyesters, such as 
poly(s-caprolactone) (PCL), polylactide and poly(glycolic acid), are very useful in 
biomedical applications, especially as drug delivery devices/ because they are 
completely biodegradable inside body after its interaction with body fluid, enzyme and 
cells. The resultant low molar mass molecules in the biodegradation can be either 
absorbed by body or removed by metabolism. The biodegradability and stability of 
synthetic aliphatic polyesters have recently been extensively studied.^ "^  Most of the 
methods used in these studies are conventional and very time-consuming, such as the 
total weight loss and oxygen consumption, which lead to macroscopic and rough 
results. To our knowledge, only few microscopic and fundamental studies of the 
biodegradation of synthetic aliphatic polyesters have been reported/® 
For biomedical applications, both in vivo and in vitro studies of the biodegradation 
of a given polymer are important. Special research interests have been paid to the 
enzymatic biodegradation/^ "^ ^ Some enzymes, such as extracellular PHB 
depolymerases, have been used for the study of degradation of poly(hydroxybutyrate), 
poly(hydroxyvalerate) and poly(s-caprolactone), etc^ "^^ ^， and the enzymatic 
degradation kinetics have also been studied. The Michael-Menten model is a classical 
enzymatic model °^. However this model usually applied for the homogeneous 
systems in which both enzyme and substrate are water-soluble. For most polymers, 
25 
they are water-insoluble, so the enzymatic degradation is a heterogeneous kinetic 
processi8. Some investigators proposed heterogeneous kinetic models. They 
considered that the enzymes soluble in water first bind to the polymer substrate and 
• 21 23 
then catalyze the hydrolytic scission of polymer chains ‘ . Previous investigations 
have indicated that the enzymatic biodegradation happens mainly on the surface 
because it is difficult for a hydrophilic enzyme to diffuse into a hydrophobic 
polymer.24 The chemistry of enzymatic biodegradation of a polyester chain primarily 
involves the hydrolysis of the polymer chain backbone, much depending on both 
microscopic and macroscopic properties, such as chemical structure, molar mass, 
morphology, size and shape of a given polymer sample. The surface area of polymer 
materials will have great influence on the enzymatic degradation. 
3.1 A novel laser light scattering study of enzymatic biodegradation of PCL 
nanoparticles 
In our laboratory, we have recently developed a range of novel methods to prepare 
polymer nanoparticles.25'26 On the other hand, a previous study already revealed that 
Lipase Pseudomonas (PS) was able to accelerate the biodegradation ofPCL and the 
biodegradation of a macroscopic PCL film with a dimension of 10 x 10 x 0.1 m m 
could be complete within one week in a buffer solution containing 5.0 x 10"^  g/mL 
Lipase P S ? The micronization of a given polymer sample can greatly increase its 
surface area. Therefore, a combination of the micronization and enzymatic 
biodegradation can provide a simple and quick method to evaluate whether a given 
polymer is biodegradable. 
26 
In many works the turbidimetric method was used to study the degradation of 
polymer powders or latex suspension^ ®'^ ^ . By this method the decrease of light 
scattering intensity caused by the disappearance oflatex suspension and powders were 
measured. Compared with this method, laser light scattering (LLS) is a nonintrusive, 
sensitive and powerful analytical tool and has been widely used to characterize 
macromolecules and colloids in solution.^ ^ Using a combination of static and dynamic 
LLS to monitor fhe changes of the concentration and hydrodynamic size of polymer 
nanoparticles under the interaction of an enzyme may lead us to a microscopic picture 
ofthe enzymatic biodegradation. 
Sample preparation 
Poly(s-caprolactone) (PCL) was synthesized by ring-opening polymerization ofs-
caprolactone using yttrium trifluoroacetate and triisobutylaluminum 
Y(CF3COO)3/A](z-Bu)3 as catalyst.29 The average molar mass of PCL used in this 
study is 1.43 X 10^  g/mol. Both cationic hexadecyltrimethylammonium bromide 
(HTAB) from Eastman Kodak Co. and anionic sodium lauryl sulphate (SDS) from 
B D H Chemical Ltd. were used as stabilizers in the micronization of PCL without 
further purification. Lipase PS from Pseudomonas Cepacia (Courtesy of Amano 
Pharmaceutical Co., Ltd., Nagoya, Japan) was further purified by freeze-drying. 
The PCL nanoparticles were prepared by adding dropwise a dilute PCL acetone 
solution (2.5 x 10'^  g/mL) into a large amount of aqueous solution containing either 
H T A B or SDS as stabilizer, where the stabilizer concentration is higher than its 
critical micelle concentration (CMC). The acetone and aqueous solutions were 
27 
constantly mixed by a magnetic stirring during the addition process. When the PCL 
acetone solution was added into the aqueous solution, acetone quickly diffused into 
the water phase because of its good compatibility with water and the hydrophobic 
PCL chains started to aggregate with each other in water to form nanoparticles which 
were stabilized by the surfactant molecules absorbed on the particle surface. Finally, 
acetone together with a portion of water were removed under a reduced pressure 
until the mixture'reached a desired concentration. Hereafter, the PCL nanoparticles 
stabilized by H T A B and SDS are respectively denoted as the HTAB-PCL and SDS- 、 
PCL nanoparticles. Dilute hydrochloric acid (HCl) and sodium hydroxide fNaOH) 
were used to adjust the pH of the PCL nanoparticles dispersion in the pH dependent 
study. 
Results and Discussion 
Figure 3.1.1 shows a typical Zimm plot of the HTAB-PCL nanoparticles in the 
aqueous solution at 25。C, which incorporates the angular and concentration 
dependence ofRayleigh ratio Rw(q) on a single grid. On the basis ofeq A1.18, the 
extrapolation of [XC/Rw(q)] to C — 0 and q — 0 leads to M ^ and the slopes of 
XC/Rw(q)]c^o vs. q2 and pCC/Rw(q)]q^o vs. C respectively lead to <Rg> and A2. For 
the HTAB-PCL nanoparticles, M w = 3.31 x 10^  g/mol, <Rg> = 94.9 nm and A2 〜0; 
and for the SDS-PCL nanoparticles, M w = 1.28 x 10^  g/mol, <Rg> = 135 nm and A2 〜 
0. 
Figure 3.1.2 respectively shows typical time correlation functions of the HTAB-
































































































































































































































































































































































































































































































































































































0 = 15°. The insert shows the hydrodynamic radius distributions f(Rh) calculated from 
the corresponding G(2)(q,t) on the basis of eqs A2.17 and A2.19 by using a C O N T I N 
Laplace inversion program in the correlator. Both the HTAB-PCL and SDS-PCL 
nanoparticles are narrowly distributed. The average hydrodynamic radius of <Rh> 
• 
defined as f(Rh)RhdRhOfthe HTAB-PCL and SDS-PCL nanoparticles are 103 nm 
and 153 nm, respectively. It is worthnoting that both the HTAB-PCL and SDS-PCL 
nanoparticles were very stable in water and there was no detectable change in f(Ra) 
even after 〜3 months. 
Figure 3.1.3 shows the biodegradation time dependence of PRw(q)]/[Rw(q)]o of the 
HTAB-PCL nanoparticles in aqueous solution at 25。C，where [Rw(q)]o represents 
the initial Rayleigh ratio before the enzymatic biodegradation. The initial 
concentrations of the HTAB-PCL nanoparticles and Lipase PS are 6.25 x 10'^  and 
5.39 X 10_6 g/mL, respectively. The enzyme/polymer ratio is 0.86. 
On the basis of eq A1.18, at q — 0 and C — 0，[Rw(q)]/pRw(q)]o 艾 
[CMw]/[CMw]o. Therefore, the decrease of [Rw(q)]/[Rw(q)]o could be related to the 
decrease of either M w or C，or both. However, the insert in Figure 3.1.3 shows no 
change in the size of the nanoparticles, i.e., no change in the molar mass of the 
nanoparticles, so that the decrease of [Rw(q)]/[Rw(q)]o actually reflects the decrease 
of the number of the nanoparticles, i.e., the decrease of the relative concentration 
(C/Co)，in the biodegradation process. It is worthnoting that for a similar 
enzyme/polymer ratio, the relative weight loss of the HTAB-PCL nanoparticles is 
more than -10^ times fast than that of a thin PCL film^ ,^ which can be attributed to 

















































































































































































































































































































































































































































































































micronization has provided a novel and fast method to evaluate the biodegradability 
、j 
of a given polymer. 
之 
The solid line in Figure 3.1.3 represents a least square fitting of [Rw(q)]/[Rw(q)]o 二 
1 - 3.05x 10'\ revealing that the degradation rate decreases linearly in the enzymatic 
degradation process. However, it was unexpected to find that the decrease of 
P^w(6)]/[Rw(0)]o stops before reaching the complete degradation. First, we checked 
the pH of the suspension which is 6.3 and found no detectable pH change in the 
biodegradation process. This forced us to think why Lipase PS lost its activity in the 
biodegradation process. It was reported that PCL was ultimately degraded by 
esterase into 6-hydroxycaproic acid ^ \ It is expected that the adsorption of slightly 
negatively charged Lipase PS to an HTAB-PCL nanoparticle starts the biodegradation 
of PCL into small water soluble molecules, which diffuse into water, so that the 
nanoparticle becomes smaller and smaller and scatters less and less light until all the 
PCL chains inside this nanoparticle are completely degraded. Then, Lipase PS is 
surrounded by cationic H T A B surfactant and lose its activity. If our assumption is 
correct, adding more Lipase PS to the suspension after the biodegradation stops 
would lead to further biodegradation. 
Figure 3.1.4 shows the biodegradation time dependence of [Rw(q)]/piw(q)]o ofthe 
HTAB-PCL nanoparticles at 25 °C, where the initial enzyme/polymer ratio was 0.015. 
Clearly, the in situ successive addition of more Lipase PS lead to further degradation. 
It rules out the possible influence of oxygen because Lipase PS was added into the 
same solution in the same LLS cuvette and there was no alternation of the oxygen 





























































































































































































































































































































































































change of M w in the biodegradation process. At this point, we can conclude that the 
cease of the biodegradation after a certain time (shown in Figure 3.1.3) is due to the 
loss of the enzyme activity. The detail ofhow Lipase PS lost its bioactivity is still not 
clear at this moment，but under investigation. 
Figure 3.1.5 shows that if anionic SDS instead of cationic H T A B was used as 
surfactant to stabilize the PCL nanoparticles, there was no detectable change in both 
Rayleigh ratio Rw(q) and <Rh>, i.e., no enzymatic biodegradation. In order to 
understand this result, let us examine the nature of Lipase PS. As a protein, Lipase 
contains many amino-acid groups. In deionized water (pH 〜6)，Lipase PS is slightly 
negatively charged because its isoelectric point is at pH 〜5. When the PCL 
nanoparticle is stabilized by cationic surfactant HTAB, the nanoparticle surface is 
positively charged so that Lipase PS can be attracted and adsorbed to the 
nanoparticles, resulting an occurrence of the biodegradation. In contrast, when SDS 
is used, its anionic nature prevents the adsorption of Lipase PS onto the PCL 
nanoparticles so that there is no biodegradation. A comparison of Figures 3.1.3 and 
3.1.5 indicates that the adsorption ofLipase PS onto the PCL nanoparticles is the first 
and essential step of the enzymatic biodegradation. 
Figures 3.1.6 and 3.1.7 respectively show the biodegradation kinetics under 
different initial polymer and enzyme concentrations, where we have reduced the 
Lipase PS/PCL ratio to slow down the biodegradation so that we were able to follow 
it by LLS. In each case, the biodegraded macroscopic weight ofPCL W increased 
nearly linear in the initial portion, and there is no change in the average size of the 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































dynamic LLS and those biodegraded ones have no contribution to the scattered light 
intensity and the average size. The least square fitting of the initial linear portion of 
"W vs. t" leads to the biodegradation rate v on the basis of W 二 v.t;biodegradation，where v 
means biodegreded polymer weight in the suspension in unit time. 
Figures 3.1.8 and 3.1.9 respectively show the enzyme and polymer concentration 
dependence of the biodegradation rate v. For a given amount of PCL, the 
biodegradation rate linearly increases as the Lipase PS concentration increases and the 
line in Figure 3.1.8 represents a least square fitting of v (g/mL hr) = 25.5 Co,LipasePs. 
On the other hand, for a given amount of Lipase PS, the biodegradation rate keeps 
constant as the PCL concentration increases. As we discussed before, the enzymatic 
biodegradation involves two essential steps: (1) the adsorption of Lipase PS onto the 
PCL nanoparticles; and (2) the interaction between Lipase PS and PCL. In principle, 
the second step is dependent of the characteristics of Lipase PS and PCL. While the 
first step is related to the total concentration of Lipase PS and PCL. For the Lipase 
PS/ PCL system, the degradation rate will be mainly dependent ofthe first step. For a 
given PCL concentration as shown in Figure 3.1.8，higher Lipase PS concentration 
means more Lipase PS molecules can be adsorbed onto PCL nanoparticles. So the 
total degradation rate increases. However for a given Lipase PS concentration, the 
degradation rates are almost not influenced by the PCL concentration, as shown in 
Figure 3.1.9. W e have found that the biodegraded macroscopic weight of PCL W 
increases linearly in the initial portion of enzymatic degradation. That means the PCL 
nanoparticles are eaten by Lipase PS in one-by-one way. So the degradation amount 
















































































































































































































































































































































































































































PS, independent with PCL concentration. Therefore the enzymatic degradation rate 
keeps constant at a given Lipase PS concentration but different PCL concentration. 
3.2 A modified heterogeneous kinetics for the enzymatic biodegradation of 
poly(S-caprolactone) in aqueous solution 
Lemoine et al}^ studied the biodegradation of PCL, P L A and PLA/PGA in aqueous 
solution. It has been known that certain enzymes can catalyze the hydrolysis of 
aliphatic polyesters. For example, poiyO^-hydroxybutyrate) (PHB), a natural polymer 
with a structure of aliphatic polyesters, can be hydrolyzed into metobolizable, low 
molar mass compounds in the presence of extracellular P H B depolymerases^ 
Michael and Menten^® used a classic model to describe the enzymatic biodegradation 
kinetics, i.e., 
E + S = E S ~ ~ - P + E (3.2.1) 
where E, S, ES, and P, respectively, are enzyme, substrate, the enzyme substrate 
complex, and the biodegradation product. It assumes that both the enzyme and 
substrate are soluble, i.e., the enzymatic biodegradation is a homogeneous catalytic 
reaction. However, most biodegradable polymers, such as PHB, PCL and PLA, are 
insoluble in water.^ ^ Mukai et al?^: modified the model for the heterogeneous 
enzymatic biodegradation ofPHB after considering that the enzyme has two discrete 
domains: the hydrophobic adsorbing site and the catalytic site.^ ^ In this model, the 
enzymatic hydrolysis involves the binding of the enzyme onto the substrate at one 
point and the catalysis of the hydrolytic scission at another point，i.e. 
E + S * E S (3.2.2a) 
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ES + S " ^ E S + P (3.2.2b) 
which leads to a rate equation of 
( k , k 3 / k , ) [ E ] 0 , 1 。 。 、 
Vo = 、 1 3 _ - i A」0 (3.2.3) 
{l + (ki/k.i)[E]j2 ^ ) 
It can be seen that in both eqs. 3.2.1 and 3.2.2，the adsorption of enzyme onto 
substrate is the first and essential step. In this study, we used a novel, reliable and fast 
laser light scattering method recently developed in our laboratory to investigate the 
influence of various experimental conditions, such as the PCL and enzyme 
concentrations, surfactant, pH, and temperatures, on the enzymatic biodegradation of 
PCL. On the basis of our results, a modified heterogeneous biodegradation kinetics 
was proposed. 
Our previous studies revealed that during the biodegradation there was no change 
in the size of the PCL nanoparticles, i.e., no change in the molar mass of the PCL 
nanoparticles.^ ^ Therefore, on the basis of^^ 
Rw(e) « K M w C (3.2.4) 
Thus, Rw(0">0) is proportional to the concentration of the PCL nanoparticles. By 
measuring the change of Rw(6) in a dilute suspension, we are able to monitor the 
change ofthe nanoparticle concentration AC, i.e., 
A C = p C L ] o - p P C L ] t = [ P C L ] o { l - [ R w ( 9 ) ] t / [ R w ( e ) ] o } 
where the subscripts “0” and "t" denote time t = 0 and t = t, respectively. 
Figure 3.2.1 shows the nanoparticle concentration change AC for different initial 
PCL and enzyme concentrations but a fixed initial ratio [PCL]o/[E]o. It shows that the 
rate and extent ofthe biodegradation increase as the PCL and enzyme concentrations. 
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The initial slope leads to the initial reaction rate Vo defined as -d[PCL]t/dt. Figures 
3.2.2 and 3.2.3, respectively, display the initial PCL and Lipase PS concentration 
dependence of Vo. It is clear that on the one hand, the biodegradation rate per unit 
mass ofLipase PS increases linearly as the initial PCL concentration; and on the other 
hand, the biodegradation rate per unit mass of PCL increases linearly as the initial 
Lipase PS concentration, i.e., Vo oc pCL]o[E]o. Considering that the enzymatic 
biodegradation involves both the adsorption ofLipase PS onto the PCL nanoparticles 
and the enzymatic hydrolysis,]� we propose the following modified biodegradation 
reaction mechanism: 
E + S ^ ( E‘.. S ) (3.2.5a) 
(E--S)^(E:::S)* (3.2.5b) 
(E:::S)*-^P + E (3.2.5c) 
where (E--S) represents the enzyme/PCL complex in which only the adsorption site is 
attached to the substrate, while (E:::S)* represents the enzyme/PCL complex in 
which both the adsorption site and the catalysis site are attached to the substrate. It 
could be seen that we have considered the equilibrium between (E".S) and (E:::S)*. 
On the basis of eq 3.2.5, we have 
Vo = (1 ^^^^-^——)kJE]JS], = k[E],[S], (3.2.6) 
k , + k, - 、k-2 
k - 2 + k3 
The results in Figures 3.2.2 and 3.2.3 support this mechanism. Eq 3.2.6 shows that if 
the desorption is much fast, i.e., k_i » k2, Vo ~> 0, which is expected. Our previous 


















































































































































































































































































































































































































































































































































































































PCL nanoparticles, no enzymatic biodegradation could be observed.^ ^ It is known that 
Lipase PS in deionized water is slightly negatively charged. The repulsion between 
anionic SDS and the negatively charged enzyme leads to a strong desorption, i.e., a 
larger k_i. Eq 3.2.6 also slows that when k.2 » fe, Vo ~> 0，independent on k.i, which 
means that even for a strong adsorption, there could still be no biodegradation. For 
example, it was expected that when pH < 5, Lipase PS would be positively charged 
and strongly adsorbed on the negatively charged SDS-PCL nanoparticles to start the 
biodegradation. because Lipase PS has an isoelectric point at pH 〜5，However, our 
expectation was wrong; namely, in the pH range 3.55-4.02，no biodegradation 
occurred as shown in Figure 3.2.4. It is true that when pH < 5, Lipase PS can more 
effectively "bite" onto the SDS-PCL nanoparticles, but the catalytic domain lost its 
catalytic activity because the equilibrium, EnH(i„active) 二二 En'(active)+KT, shifts to the 
left under the acidic condition, i..e., a very small k3. 
Figure 3.2.5 shows the surfactant concentration dependence of the enzymatic 
biodegradation kinetics for given PCL and Lipase PS initial concentrations, where the 
inset shows how the initial biodegradation rate varies as the H T A B concentration. It 
clearly shows that the rate and extent of the biodegradation decrease as the H T A B 
concentration increases. It is well known that when the H T A B concentration is higher 
than its critical micelle concentration (CMC), H T A B can form micelles free in the 
suspension. The free H T A B micelles act as the "nanoparticles" and compete with the 
PCL nanoparticles for the enzyme adsorption, resulting in a less number of effective 





































































































































































































































































































































































































































































































































































increases, more H T A B micelles are formed and the effective Lipase PS concentration 
decreases, so that thebiodegradation rate decreases. 
Figure 3.2.6 shows the pH dependence of the enzymatic biodegradation kinetics of 
the HTAB-PCL nanoparticles for given initial PCL and Lipase PS concentrations. As 
expected, both the rate and extant of the enzymatic biodegradation increase as pH 
because both the adsorption and catalytic reaction are promoted in a higher pH 
solution. The inset shows a cut-off pH (~ 5) for the enzymatic biodegradation of the 
HTAB-PCL nanoparticles because when pH < 5, not only Lipase PS becomes 
slightly positively charged, but also its catalytic activity reduces, i.e., k_i increases 
and k3 decreases, so that vo ~> 0 according to eq 3.2.6. 
Figure 3.2.7 shows the temperature dependence of the enzymatic biodegradation 
kinetics of the HTAB-PCL nanoparticles for given initial PCL and Lipase PS 
concentrations. It is clear that the rate of the enzymatic biodegradation increases as 
the temperature increases until the maximum rate was reached at -45。C. Further 
increase of the temperature showed down the biodegradation because Lipase PS 
gradually loses its catalytic ability?^ '^ ^ Figure 3.2.8 shows a typical Arrhenius plot of 
the reaction rate constant (k) versus the reciprocal of the absolute reaction 
00 
temperature(l/T). From the slope of the line, we estimated the activation energy 
(EA) ofthe enzymatic degradation of the PCL nanoparticles in water to be 〜1.6 x 10^  
kJ7mol in the temperature range 25 _ 37 ^ C, which is comparable to the activation 
































































































































































































































































































































































































































































































































































































































































































































































































































































W e have demonstrated that water-insoluble poly(8-caprolactone) (PCL) can be 
micronized into nanoparticles stable in water at room temperature. Using the PCL 
nanoparticles instead of a thin PCL film can shorten its biodegradation time by a 
factor of more than 〜103 times; namely, a one-week biodegradation becomes a 4-
minute process. It has been found that using cationic surfactant H T A B instead of 
anionic surfactant SDS to stabilize the PCL nanoparticles can lead to the 
biodegradation, which is attributed to the fact that Lipase PS is slightly negatively 
charged. The adsorption ofLipase PS onto the PCL nanoparticles and the interaction 
between Lipase PS and PCL are two essential steps in the enzymatic biodegradation. 
The enzymatic biodegradation of the PCL nanoparticles can be effectively monitored 
by laser light scattering in terms of the excess scattering intensity and the 
hydrodynamic size. Our results have revealed that the PCL nanoparticles disappear 
one by one in the course of enzymatic degradation and the biodegradation rate 
generally increases as the Lipase PS concentration increases. 
On the other hand, our kinetic study showed that the enzymatic biodegradation ofthe 
PCL nanoparticles in the presence of Lipase PS could be described by a modified 
heterogeneous kinetics mechanism which consists of an adsorption equilibrium, an 
activation equilibrium and an enzymatic hydrolysis. In this mechanism, the activation 
equilibrium is actually an equilibrium between the inactive PCL/Lipase one-site 
complex (E〜S) and the active PCL/Lipase two-sites complex (E:::S)*, which was 
introduced because the biodegradation must involve both the adsorption and 
enzymatic hydrolysis. On the basis of this mechanism, we derived the initial rate 
55 
equation. Using this equation, we were able to explain the influence of the initial PCL 
and enzyme concentrations, the surfactant concentration, pH, and temperature on the 
initial reaction rate. The important feature of this proposed mechanism is that the 
initial reaction rate is controlled not only by the adsorption ofLipase PS onto the PCL 
nanoparticles, but also by the adsorption of the catalysis site onto the PCL 
nanoparticles. A combination of micronization and laser light scattering provides not 
only a novel and'fast method to evaluate the biodegradability of a given polymer, but 
also a more reliable and accurate way to study the kinetics of a biodegradation. 
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Chapter 4 
Laser Light-Scattering Study of Enzymatic Biodegradation of 
Poly(ethylene oxide-6-8-caprolactone) 
Introduction 
Polymeric colloid particles have been widely used in biomedical applications. One 
typical example is drug delivery. Generally, drug delivery can be either external (e.g. 
cream and ointment) or oral {e,g., subcutaneous and intramuscular). In intravenous 
administration, one of the primary objectives is to design a device to deliver drug to a 
specified site and release it at a proper rate. Narrowly distributed small polymeric 
nanoparticles in the size range 10-100 nm are ideal for intravenous injection because 
they are much smaller than the inner diameter (> 4 jim) of blood capillaries/ 
Consequently, polymeric nanoparticles can be used in sustained-release injection or as 
a target delivery to a specific organ. It has been shown that the irritant reaction at the 
injection site can be minimized by decreasing the particle size. ^  
Naturally, biodegradable and biocompatible polymer nanoparticles are of special 
interest. The commonly used biodegradable and biocompatible polymers are aliphatic 
polyesters, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(s-
caprolactone) (PCL) and their copolymers?,* The nanoparticles made of these 
polymers can be directly absorbed by body or biodegraded into non-harmful 
products.5'6 For a given type of polymer, the biodegradation rate and the releasing 
kinetics ofloaded drugs can be adjusted by its chemical composition and molar mass7 
The biomedical applications of polymeric nanoparticles have been extensively 
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studied. "^^^ Different methods of preparing polymeric nanoparticles, such as the 
solvent evaporation • and solvent displacement, have been reported.^ ^ Often, 
surfactants were used to stabilize the nanoparticles in aqueous solution because the 
aggregation and/or precipitation of water-insoluble polymers, such as P L A and PCL, 
would prevent many applications. Unfortunately, low molar mass surfactant molecules 
are sometimes harmful in biomedical applications. 
4.1 Enzymatic biodegradation of poly(ethylene oxide-Z>-8-caprolactone) diblock 
copolymer and its potential biomedical applications 
Extensive fundamental studies have shown that some block and graft copolymers 
could form polymeric micelles in selective solvents/^ '^ ^ Amphiphilic block and/or 
graft copolymers with one poly(ethylene oxide) (PEO) block have attracted much 
attention because PEO has some unique properties, such as low protein adsorption 
and low cell adhesion.^ ®'^ ^ It has been reported that hydrophobic therapeutic agents 
could be effectively encapsulated into the polymeric micelles.^ '^^ ^ Langer et al.^ '^^ ^ 
studied the structures and applications of the nanoparticles made of amphiphilic 
biodegradable block copolymers 
In this study, we have shown that the PEO-Z>-PCL diblock copolymer can be 
micronized into polymeric nanoparticles stable in aqueous solution without the help of 
any surfactant and studied the biodegradation of such formed PEO-^-PCL 
nanoparticles in the presence of Lipase PS (enzyme) on the basis of our previous 
investigation of the enzymatic biodegradation ofPCL.^^ Using pyrene as an imitative 
drug and fluorescence spectroscopy, we have demonstrated that the PEO-^-PCL 
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nanoparticles can be, used as a potential biomaterial to make controlled releasing 
devices. 
Sample preparation 
The poly(ethylene oxide-Z)-s-caprolactone) (PEO-Z>-PCL) block copolymer (Mw = 
1.71xl0^ g/mL and WpEo = 20%) was synthesized by sequential ring-opening 
polymerizations of ethylene oxide and s-caprolactone monomers in the presence of 
(5,10,15,20-tetraphenylporphinato)aluminum chloride as a catalyst.】？ Lipase PS 
(enzyme) from Pseudomonas cepacia (courtesy of Amano Pharmaceutical Co., Ltd., 
Nagoya, Japan) was further purified by freeze drying. Pyrene as an imitative 
hydrophobic drug was used without purification. The micronization of the PEO-办-
PCL block copolymer was made by adding 1 m L tetrahydrofuran (THF) solution of 
PEO-Z)-PCL dropwise into 99 m L deionized water under ultrasonicfication. The 
initial copolymer concentration in THF was 10"^  g/mL. It is not hard to imagine that 
when one drop of the THF solution was added into an excess of water, THF was 
immediately mixed with water and the water-insoluble PCL blocks started to 
aggregate to form small polymeric core-shell nanoparticles with the insoluble PCL 
blocks as the hydrophobic core and the soluble PEO blocks as the hydrophilic shell. 
The final copolymer concentration in the dispersion was 10'^  g/mL. The small 
amount of THF(1%) in the dispersion was removed under low pressure and the 
resultant dispersion was transparent. 
Fluorescence measurement: Both pyrene and the PEO-Z)-PCL block copolymers 
were completely soluble in THF. The initial copolymer and pyrene concentrations 
61 
were 〜10-3 g/mL and 〜10"^  gy'mL, respectively. The nanoparticles were prepared by 
the same micronization procedure used for the LLS experiments. Since pyrene has a 
very low solubility in water, it is expected that in the microphase inversion, nearly all 
pyrene molecules were encapsulated (trapped) inside the hydrophobic PCL core. The 
releasing of pyrene from the PEO-Z?-PCL nanoparticles was followed in terms of the 
fluorescence intensity change recorded by using a fluorescence spectrophotometer 
(Model F-4500, ‘ Japan). In each measurement, 2 m L PEO-Z>-PCL nanoparticle 
dispersion loaded with pyrene was placed in a 10 m m x 10 m m square quartz cell. 
The excitation wavelength X,ex selected was 337 nm., 
Results and Discussion 
Figures 4.1.1 and 4.1.2, respectively, show static and dynamic characterization of 
the PEO-Z)-PCL nanoparticles. The hydrodynamic radius distributions f(Rh) in Figure 
4.1.1 reveal that the PEO-i-PCL nanoparticles are narrowly distributed and have an 
average hydrodynamic radius <Rh> of 77 nm. According to eq A1.18, the 
extrapolation of [KC/Rw(q)]c^o, "。，the slopes of [KC/Rw(q)]c^o versus q^  and 
[KC/Rw(q)]q^o versus C in Figure 4.1.2, respectively, lead to Mw, <Rg> and A2. The 
results are summarized in Table 4.1.1. The negative A2 is expected because the PCL 
block is insoluble in water. The ratio of<Rg>/<Rh> 〜0.74 indicates that the PEO-Z?-
PCL nanoparticles are spherical. Using the results in Table 4.1.1，we estimate that on 
average, each PEO-^)-PCL nanoparticles contains -3,000 PEO-Z>-PCL chains and 
each PEO-Z>-PCL chains occupies a surface area of 〜25 nm^. Using <p> = 



























































































































































































































































































































































































































































































































































chains before and after the microphase inversion to be 0.0035 gy^ cm^  and 0.045 g/cm^, 
respectively. It is clear that even <p> increases more than 10 fold, the average 
density of the PEO-Z>-PCL nanoparticles is still much less than the density (〜1 gy'cm^ ) 
of bulk PEO-Z?-PCL copolymer, indicating that the PEO-Zj-PCL nanoparticles were 
swollen, probably due to the stretching of the PEO blocks in the shell. 
Figure 4.1.3 shows a schematic of the PEO-Z>-PCL nanoparticle. The core-shell 
nanostructure resembles the micelle made of low molar mass surfactant molecules. It 
should be noted that just as in the case of low molar mass surfactant, the onset of the 
intermolecular association ofblock or graft copolymers in a selective solvent can also 
be defined as critical miceUe concentration (CMC) below which the copolymers exist 
as individual chains (unimer). When the copolymer concentration is higher than its 
CMC, the copolymer micelles are in a dynamic equilibrium with the unimers. In 
comparison with low molar mass surfactant molecules, block copolymers usually have 
a much lower C M C which is often imperceptible/^  Our LLS results showed that the 
PEO-Z>-PCL copolymer has a C M C lower than 10'^  g/mL. Therefore, in the present 
study, the intensity of the light scattered from the unimer and enzyme can be ignored 
m 
in comparison with that from the PEO-Z?-PCL nanoparticles. 
Previously we found that a combination of the enzymatic hydrolysis with the 
micronization not only greatly speeded up the biodegradation of PCL, but also 
allowed us to follow the biodegradation kinetics by using laser light scattering.^ ^ In 
this study, we also found the average hydrodynamic radius <Rh> of the nanoparticles 
to be a constant during the biodegradation, indicating that the molar mass of the 






























































A1.18, we know that the decrease of Rw(q) is only related to the decrease of the 
copolymer concentration C，i.e. Rw(q) «= C, so that Ct/Co = P^ w(q)]t/[Rw(q)]o. Figure 
4.1.4 shows the enzyme concentration ¢)) dependence of the biodegradation of the PEO-
Z>-PCL nanoparticles, where Co is the initial copolymer concentration, and the subscripts 
“0” and "t" represent t = 0 and t = t，respectively. Li Figure 4.1.4, the initial slope leads to 
the initial biodegradation rate (vo) defined as [dCt/dt]t—o. The inset shows the enzyme 
concentration dependence of Vo and the line represents a least square fitting of Vo 
(g/mL.min) = 6.327 x 10"^  E^ '^ ®"\ However, we still do not understand why vo is much 
dependent on the enzyme concentration E by the second order. 
On the other hand, Figure 4.1.5 shows that for a given Lipase PS concentration Eo， 
the biodegradation rate is nearly a constant, independent on the initial copolymer 
concentration Co. As shown in a previous paper? the biodegradation of PCL in 
the presence of enzyme involves the adsorption of enzymes onto the polymeric 
nanoparticles and the enzymatic hydrolysis ofPCL chains. At this moment, we do 
not know a detailed degradation mechanism, but qualitatively know that the 
degradation of individual nanoparticles is fast as long as the hydrolysis starts and 
the nanoparticles were “eaten，，by Lipase PS in a one-by-one fashion. For a given 
polymer concentration, more enzyme molecules can “eaten，，more nanoparticles 
per unit time，so that the biodegradation rate is mainly determined by the enzyme 
concentration. The results in Figure 4.1.5 once again suggest that the 
biodegradation of the PEO-Z>-PCL nanoparticles follows the one-by-one fashion. 
Figures 4.1.4 and 4.1.5 reveal that the biodegradation rate ofthe PEO-Z>-PCL 































































































































































































































































































































































































































































































































































































































































concentrations. Therefore, we thought that the PEO-Z>-PCL nanoparticles could 
be used as a potential controlled drug delivery device because hydrophobic drugs 
could be loaded into the PCL core and the biodegradation of the P C L core would 
lead to the dissolution of the PEP-Z>-PCL nanoparticles, resulting in a drug 
releasing. To test this idea, pyrene was chosen as an imitative drug because of its 
unique fluorescence characters and other properties. It is hydrophobic and has a 
very low solubility in water (7 x 10"^M). Pyrene is preferentially solubilized into 
the hydrophobic region or microphase. When its environment changes from a 
polar to a nonpolar one, there is a remark change in its emission spectra, such as 
an increase in the quantum yield, a decrease in its intensity ratio (I1/I3) of the first 
and third highest emission peaks. The ratio can change from 〜1.8 in water to 〜1.0 
in the presence of anionic surfactant micelles or even lower values (-0.6) in 
organic solvents.^ '^^ ^ Therefore，the ratio can be used as an indicator of where 
pyrene is located. 
Figure 4.1.6 shows the fluorescence spectra of pyrene free in pure water and in 
the presence of the PEO-Z>-PCL nanoparticles, where the copolymer and pyrene 
concentrations were 5.39 x 10'^  g/mL and 6 x 10"^  M , respectively. The pyrene 
concentration is lower than its saturated concentration in water in order to prevent 
the formation of microcrystal. Pyrene in water has a lower fluorescence intensity 
because ofits short lifetime (200 ns) and low quantum yield. In the presence ofthe 
nanoparticles, pyrene shows a higher intensity, indicating that pyrene was loaded 
into the hydrophobic PCL core because pyrene has a longer lifetime (-400 ns) and 

















































































































































































































































































































































ratio (I1/I3) for pyrene in water is 1.75, close to the literature value. However, the 
ratio for pyrene in the presence of the nanoparticles is 〜1.4, higher than the 
expected values in a hydrophobic environment, which can be attributed to the low 
polymer concentration (〜5 x 10'^  g/mL), the higher polarity of PCL, the polar 
surface of PCE micelles. 
Figure 4.1.7 shows that the fluorescence intensity gradually decreases as the 
biodegradation time increases. Note that the enzyme had no effect on the 
fluorescence intensity for pyrene free in pure water. Hence, the decrease of the 
intensity is related to the release of pyrene from a less polar PCL core to water. 
This agrees well with the LLS results; namely, the scattering light intensity 
decreases during the biodegradation. 
Figure 4.1.8 shows the time dependence of the fluorescence intensity and the 
intensity ratio I1/I3 of pyrene during the biodegradation. The decrease of the 
intensity ratio I1/I3 during the biodegradation is a surprise, which indicates the 
overall polarity of the environment decreases. One of the possible explanations is 
that the biodegradation produces a lot of small aliphatic acids which have a 
relatively lower polarity in comparison with water. Figure4.1.8 also shows that the 
decrease of the fluorescence intensity is a linear function of the biodegradation 










































































































































































































































































































































































































































































































































































































In summary, the PEO-Z>-PCL block copolymer ( M w = 1.71 x 10^ g/mL and WpEo 
=0.2 ) can be micronized into small narrowly distributed core-shell nanoparticles 
stable in water via a microphase inversion method. Such formed nanoparticles 
were biodegradable in the presence of Lipase PS (enzyme). The biodegradation 
extent can be influenced by both the copolymer and enzyme concentrations and the 
biodegradation rate is mainly determined by the enzyme concentration. Using 
pyrene as an imitative drug, we have shown that hydrophobic drugs could be 
loaded into the hydrophobic PCL core and the controllable biodegradation makes 
the PEO-Z)-PCL nanoparticles a potential biomedical material for the controlled 
releasing ofhydrophobic drugs. Further studies in this direction is undergoing. 
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Appendix 
A.1 Static laser light scattering (SLLS) 
Scattering from a small particle: The electromagnetic wave interacts with the 
particles in its path way, they to produce an oscillation in their electronic field with 
the same frequency of incident wave. However, the particles perform as an second 
oscillating source which irradiate to all directions. The particles were assumed to be 
optically isotropic with polarizability a, and the particles are in vacuum and have 
very small dimensions than the wavelength Xo of incident light (d<<Xo/20). Then 
intensity of the scattered light is found to be 
167lV 
I s = " 7 ^ I o (A1.1) 
where 1。and r are the intensity of the incident light and distance from the particle to 
the detector respectively. In our discussion, both incident light and scattered light are 
vertically polarized. A variable, Rw, is more commonly used and is defined as 
I3r^  1 6 ^ V 
R w = ^ = - ^ (A1.2) 
where the first subscript ‘ v，means the incident light is vertically polarized and the 
second subscript ‘ v ’ means the scattered light is also vertically polarized. It is called 
the Rayleigh ratio because it is defined by Rayleigh. R w is a constant for a given 
particle in the same experimental condition. 
Scattering from a large particle: The dimensions of a particles are comparable to 
the wavelength of the incident light (d >Xo/20), the particle can be treated to contain 
n scattering points which have the same polarizability a。（a = noCo) and are much 
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smaller than Xo. Then the electric field of the scattered light at the detector is the 
vector sum of that of individual scattering points as shown in Figure A L L They 
arrive at the detector with different phases and there always exists an destructive 
interference except the detector is placed at zero angle. The Rayleigh ratio for the 
whole particle is 
l6ii^a^ n n 
R w = ,4。ZZcos(9i -9j) (A1.3) 
人0 i=l j=l 
where 91 and cpj are the phase difference of the light wave scattered by ith and jth 
scattering points with respect to some reference wave. If the particle is very small, q>i 
and q)j are the same so that eq. (A1.3) is reduced to eq. (A1.2). According to Figure 
A1 • 1, the path difference of light scattered by two scattering points is 
Ajj = Aj — A[ = (a + kp . rjj + b — kg . ry ) — (a + b) 二 k. ry (A1.4) 
where kp and ks are unit vectors along transmitted beam and along scattered beam 
respectively, rij is the position vector from point i to point j and the vector k = kg-kp 
and |k| = k = 2sin(0/2). The phase difference of the two scattered beams is related to 
Aij as 
9i - 9j = 27iAij/A.o (A1.5) 
Combining eqs. (A1.3 to A1.5) and averaging cos(q)i - (pj) for all orientations of the 
position vector r^  with respect to the vector k due to the fact that the orientation of 
the particle changes randomly with time, we obtain 
1 6 ^ n n s i n q r y 
R w = ^ ~ ~ 2 . 2 . ^ 3 " " (A1.6) 
入0 i=lj=l qry 
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where q is the scattering vector (47isin(9/2)/A.). It is obvious that R w is a function of 6 
and it becomes a constant (Ro: 167t^a^o^) for all particles of the same polarizability 
irrespective of their size near to zero angle. 
Particle scattering factor, P(0): A function P(0), namely particle scattering factor, is 
defined as 
R 1 n n sinqr：： 
P W = t = ] 2 : 2 : + (A1.7) 
n i=ij=i qrjj 
eq. (A1.7) can be expanded into a Taylor series and we only keep the first two terms 
in the expansion owing to small value of qiy, the expression is then changed to 
P(Q) = l - ^ t t r | (A1.8) 
6n i=i j:i 
As rij is related to the radius of gyration in the following expression 
n n 
Z Z r . j = 2 n ^ R | (A1.9) 
i=lj=l J 
Combining eqs. (A1.8) and (A1.9) yields 
q k 2 
p(e) = i-""^ (Ai.io) 
If P(9) is measured at different q, Rg can be easily obtained. It should be noted that 
the size of particles measured by static laser light scattering is an absolute method 
that requires no calibrations. W e will see that the size of particles can also be found 
by dynamic laser light scattering without calibration. 
Scattering from solutions of small molecules: When we only interested in the 
properties of solute molecules in the solution, we only consider the light scattered 
from the source of the fluctuation of concentration of solute molecules in the 
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solution. The fluctuation of dielectric constant which can related to the fluctuation of 
concentration is expressed by 
5s = ^ ^ 5 c = 2 n ^ 5 c (A1.11) 
dn dc dc 
The fluctuation of concentration is related to thermodynamic terms.  
r kTM^6, 
(5^2)-,；, ；/ (A1.12) 
(5^2 ‘ ^^)p T 
where i^, chemical potential; ¢, volume fraction; c, concentration; M, molar mass. 
The subscript 2 refers to the solute molecules. Combining eqs. (A1.11) and (A1.12) 
into following eq. (A1.13), which gives the Rayleigh ratio arisen from the fluctuation 
of concentration 
R . = * (A1.13) 
人0 
where V is the volume of a subregion. 
47i^n^2^lfdnY kT 
Rvv = T " ^ 7 7 ^ ~ ~ 7 ^ ^ (A1.14) 
X% 、dc」(a^2/5c2)p,T 
4 7 r V ( d n ) 2、 
where K= — . It the solution is dilute enough, we can assume that the light 
NAXt) Vdc； 
scattered from a solution is composed of anisotropic scattering and density scattering 
from the solvent, and scattering by the fluctuation of solute concentration c. 
Therefore, in the experiment, the measured R w , soimion have to be subtracted by 
Rvv.soivcnt SO that the difference consists only the part from the fluctuation of 
concentration. The difference is called excess Rayleigh ratio ARw After replacing 
the derivative ofchemical potential by its virial expansion 
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f 5u^ c|)i 
^ = R T ^ ( l + 2A2MC+...) (A1.15) 
V dcJ p 7 c 
we get after rearrangement, 
Kc 1 
^ ^ ^ = - + 2A2C (A1.16) 
ARyv M 二 
Kc/ARw is plotted against c where A R w is measured in different concentrations in the 
experiment, then M and A2 are calculated from the y-intercept and slope respectively. 
Scattering from polymer solution: Polymers are normally large compared to the 
wavelength of the light used. The particle scattering factor mentioned in section 
(A1.2) have to be introduced in eq. (A1.16). Here we get 
Kc 1 ( 1 2 2^ 
< : i h i q R y + 2A2e (A1.17) 
where P(9)"'=l/(l-q^g^/3>lVRg^/3 if q^g^ « 1. In polymer science, it is 
common to treat polymers as polydisperse species. Therefore, eq. (A1.17) should be 
modified to 
Kc 1 ( 1 , , ) 
l = 0 + ^ R g > + 2 A 2 C (A1.18) 
where Mw, <Kg>z'^ (or simply <Rg>) and A2 are weight-average molar mass, root 
mean square z-average radius of gyration and second virial coefficient respectively. 
Eq. (A1.18) has three variables, Kc/ARw, q^ and c, which can be plotted in a xy plane 
by the means of Zimm plot. By measuring ARw in a set of q and c, we can plot 
2 
Kc/ARvv versus q +Pic where Pi is a adjustable constant which makes the plot more 
nice. From the plot, M、v is just the intercept [Kc/ARw]c^o, q—o. Rg and A2 can be 
obtained from the slope of the lines of the plots [Kc/ARw]c^o versus q^ and 
Kc/ARvv]q^o versus c respectively. 
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2 Dynamic laser light scattering (DLLS) 
In fact, the frequency of scattered light is slightly higher or lower than the 
original incident light according to whether the scattering particles move towards or 
away from the detector (the Doppler effect). In other words, the scattered light 
frequency is slightly broader than that of the incident light. It is very difficult to 
detect this extremely small frequency broadening (-10^ Hz in comparison with the 
incident light frequency -10^5 Hz) in the frequency domain by optical system, but it 
can be effectively transformed from time domain by measuring an intensity-intensity 
time correlation function G(2)(t,q),'4 
When the scattering molecule is undergoing Brownian motion, the position 
vector r is a function of time and a random variable and Es has a randomly modulated 
phase. The scattered light is broadened in frequency with an optical frequency 
distribution S(co) as illustrated in Figure A2.1(a). Since the particle motion contains 
no preferred direction, the spectrum contains a continuous distribution of frequencies 
centered around co。. The correlation fiinction of the electric field G(i)(t) is also a 
measure of the frequency distribution and contains information on the molecular 
motion. It is the Fourier transform of the power spectrum S(co)^ "^  
G W W =〈E;(0)Es(t)〉 (A2.1) 
where〈 ) denotes a time or ensemble average and t is the correlation time 
_ = ^ J>(i)(t)e-imtdt (A2.2) 
An illustration of a scattered optical spectrum and its normalized electric field time 
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correlation function is shown in Figure A2.1(a) The broadening of the Rayleigh-
scattered light spectrum contains information on the motion of the scattering 
molecules. 
The normalized electric field correlation illustrated in Figure A2.1(b) is 
g ’ ) - ^ (A2.3) 
In terms of amplitude and phase time dependence 
g W ⑴=e-i«。t〈f(0)A(;)〉(e-iq.[r(t)-r(o)] \ =。-。、⑴。“!）（A2.4) 
(|A(0)l) 
where A(t) is the scattering amplitude per molecule and。八⑴ and C“t) are the 
amplitude and phase correlation functions. For small molecules (radius R « q"^ ) or 
spherical molecules the amplitude part of the autocorrelation function becomes 
(A^(0)A(t)) 
CA(t) = ^ 7 " ^ ^ ^ = 1 (A2.5) 
(|A(0)f) 
Then g("(t) carries information on the translational diffusion coefficient D through 
Cv|;(t). This is related to the intermediate structure factor Gs(r,t), which is the 
probability offinding a particle at position r at time t if it was at the origin at t = 0. 
匸印⑴=〈e-iq.lr(t)-_l〉. fcs(r,t)e-iq.rd3r (A2.6) 
where q [= (47my^ >^ o)sin(9/2)] is defined before, the difference between the wave 
vectors of the scattered and incident waves, ni is the medium refractive index. For 
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spherical identical scatters undergoing Brownian motion in solution 
§山山=6-°9\、1 (A2.7) 
The associated optical spectrum is 
〈Is〉Dq2/7i 
_ ) = / 、2 , “ 2 (A2.8) 
( M o ) +(Dq2) 
) 
which is a Lorentzian function centered at ©o with a halfwidth Dq . 
The translational diffusion coefficient D may be related to the molecular 
friction factor f through the Stokes-Einstein relation 
kT 
D = y (A2.9) 
where k and T are the Boltzmann constant and the absolute temperature respectively. 
For a hard spherical with a radius of R, f= 67rr|R, where r| is the viscosity of the 
solvent. For a polymer coil, R is replaced with its hydrodynamic radius Rh, so that 
kT 
D = - ~ ~ — (A2.10) 
671r|. R h 
where k and T are the Boltzmann constant and the absolute temperature respectively. 
The scattering intensity is reduced by intramolecular interference if the molecular 
size is not much less than q"^ For molecules with size 〜l/q, the scattered intensity Is 
proportional to the particle scattering factor P(9). For any shape of particle at small 
scattering angles, P(0) = 1 - qR, / 3 where Rg is the radius of gyration. If the 
molecule is not small and is not spherical or optically isotropic, then rotational 
diffusion will contribute a time dependent scattering amplitude; also for flexible 
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molecules intramolecular dynamics gives a similar contribution. 
Line-width measurement: The scattered light intensity is proportional to the square 
of the time average of the electric field 
Scattered intensity =〈Is〉oc (|Es|)^  (A2.13) 
where〈 ) denotes the time average. In order to measure the very small optical line-
width generated from the frequency broadening of the optical spectrum, optical 
mixing techniques are employed. There are two basic forms of optical mixing: 
heterodyne and homodyne (self-beat). By heterodyne mixing we refer to mixing the 
scattered light with a reference light wave (local oscillator) unshifted or shifted in 
frequency from the incident light beam. In self-beat optical mixing the scattered wave 
is not mixed with a reference signal but is directly detected. Here we just consider 
the theory of self-beat detection. In self-beat detection the intensity autocorrelation 
function is determined as i。]】 
G(2)⑴=jim 去 r^ I3(O)I3(t)dt (A2.14) 
T—00 z 1 1 
It is the Fourier transform of the power spectrum and is readily measured by digital 
techniques. The normalized form of G(2)(t) is 
g<^ >(t) = i @ f f ^ (A2.15) 
rs/ 
With some restrictions (such that the scattered field is a Gaussian random process), 
the correlation functions g(i)(t) and g(2)(t) are connected through the Siegert relation 
呂⑵⑴：“丨呂⑴⑴丨' （A2.16) 
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Experimentally in self-beat dynamic light scattering the intensity autocorrelation 
function is measured as 
g(2)(t) = A[l + p|gW(t)|2j (A2.17) 
Here A is a measured base line and P is a geometric factor dependent on the 
1 Q 
coherence of detection. The detector has an average photocurrent <i) which is 
proportional to the average light intensity {i) oc〈Is〉. Since the scattered light is 
normally at low level and in the form of discrete photon pulses, the scattered signal 
and hence correlation function is most usefully recorded using digital photon 
detection. In terms of photon counts 
1 N 
g(2)W = 7"^Znini+p (A2.18) 
W / i=^i 
where t = pAt, At = channel width, N = number of correlation channels and (n)= 
average number of photons counted in time At. 
Data analysis: In the case of polydisperse systems the general form of the time 
correlation function is the Laplace transform of a line-width distribution function 
G(r) 
8印《=^0006-0」厂 (A2.19) 
If the relaxation is diffusive, knowledge of G(r) allows the molar mass on particle 
size 
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(b) k _ =^ 
t . 
Figure A.2.1(a) Illustrate of an optical spectrum ofscattered light; and (b) electric 
、 fieid correlation function 
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distribution to be derived. The line-width F usually depends on both C and 0. This 
dependence can be expressed as^ '^^ ^ 
^ 二 D(1 + kdC)(l + fR^') (A2.20) 
q 
where D is the translational diffusion coefficient at C = 0 and q = 0, f is a 
dimensionless number, and kd is the diffusion second virial coefficient. The value of 
f depends on the chain structure, polydispersity, and solvent quality. Both 
thermodynamic and hydrodynamic interactions contribute to kd, which can be further 
expressed as^ ^ 
kd = 2 A 2 M w -Cj,N^Rl/M^ (A2.21) 
where Co is an empirical positive constant. 
CONTE^I, a general purpose and flexible computer program of inverting DLLS 
data has been developed.^ ^ This has been widely applied in DLLS studies with 
excellent results for DLLS data having low noise. The program contains safeguarding 
constraints to avoid the ill-posed nature of the inversion. An early method of 
analysis was based on a cumulant expansion of the correlation fiinction ^^ '^^ 
ln|g«(t)| = l-ft + ^ M ' - ^ M ' + ^ k - 3 n ^ K + ..… 
00 . _^m . . (A2.22) 
= i + 2 X ( r ) " ^ 
m=i m! 
厂 dm 1 
where k^ =l(-l)^^lng^^^(t) is the m*^ cumulant of g(D(t) and 
」t=o 
^i = v ( r - r)i G(r)dr. Equation (A2.22) may be fitted by a least squares routine to 
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the correlation function and values for |U2, M^ , ... obtained. The average width 
r = J^rG(r)dr is the mean relaxation time. The variance is ^2/^^, where 
^2 二 J^(r - r)^G(r) dr. For low q, qR < 1 and F = Dq^, where D is a z-average. 
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